Abstract. The goal was to determine recurrent or second primary status for late stomal malignancies, 16 and 17 years post-total laryngectomy in two laryngeal squamous cell carcinoma (LSCC) patients, based on DNA methylation signatures and HPV typing. Adopting a literature review based definition of late stomal recurrences as new primaries at the site of the stoma or neopharynx occurring >5 years after total laryngectomy, we employed a multi-gene candidate approach to examine promoter methylation in 24 tumor suppressor genes and PCR-based assays for HPV status offered additional insights into whether the late stomal tumors posttotal laryngectomy were related or not. The primary tumor for Patient 1 was negative for HPV but had aberrant hypermethylation of APC, MLH1 and BRCA1. The stomal biopsy 17-years later showed presence of HPV-16 without any methylated genes. In Patient 2, HPV-11 and promoter methylation of APC identified in the primary tumor was also observed in the stomal malignancy 16 years post-total laryngectomy. Additional information provided by molecular typing for HPV and methylation markers underscored Patient 1's and 2's late stomal presentation as most likely a second primary and recurrence, respectively. DNA methylation markers are particularly advantageous because DNA methylation is an early event in tumorigenesis, and the epigenetic modification, 5-methylcytosine, is a stable marker. Molecular marks to discern genetic heterogeneity or relatedness of stomal malignancies several years post-total laryngectomy can provide clues to their status as either second primaries or likely recurrences. Our results support the hypothesis that a subset of stomal recurrences after total laryngectomy represents second primary tumors.
Introduction
Laryngeal cancer represents the largest subgroup of head and neck cancers (1) . Roughly 12250 new cases of laryngeal cancer are diagnosed each year in the USA (2) . Given the fundamental role the larynx plays in human speech and communication, determining the optimal management of laryngeal cancers is critical. Treatment options comprise radiotherapy, surgery, chemotherapy or a combination of modalities (3) . Despite refinement of multimodal therapies over the last 20 years, 5-year survival rates of 40% have remained static since the mid-1980s (4) .
Laryngeal cancer usually presents as dysphonia or hoarseness of the voice. Squamous cell carcinoma of the larynx (LSCC) is the dominant histological type. Risk factors include tobacco and alcohol use, gastric acid reflux and HPV (particularly type 16). The most common site for LSCC is the glottis. The standard treatment for LSCC is a laryngectomy wherein the larynx is surgically removed.
In 1873, Billroth performed the first total laryngectomy as a treatment modality for laryngeal cancer. Since then, surgeons have adopted the total laryngectomy as mainstay treatment for extensive and invasive cases. However, this has not been without consequence as stomal recurrence after total laryngectomy has become one of the most serious complications in managing laryngeal carcinoma (5) .
Primarily, stomal recurrence is defined as 'a diffuse infiltrate of neoplastic tissue at the junction of amputated trachea and skin usually documented within a 5-year diseasefree interval (DFI)' (5). The overall incidence for squamous cell carcinoma stomal recurrence is 6% and varies anywhere from 2.5 to 15% (6, 7) . Additionally, it is of note that the majority of stomal recurrences usually present within 1 year post-total laryngectomy with >90% presenting within 2 years (8) . Current and past literature examining late recurrence of laryngeal cancer is scant with the greatest disease-free interval documented at 30 years post-conservative treatment (9) . However, recurrence post-total laryngectomy has been explicitly noted after a disease-free interval of only 6.5 years (10) .
Additionally, a caveat to this definition of recurrence is that this term is reserved for the return of disease of the same histological type usually within a 3-to 5-year disease-free interval. Any return of disease beyond this interval is generally (11) . Moreover, the time interval between two malignancies can be further classified into simultaneous, synchonronous (within 6 months) or metachronous (>6 months) categories to provide further distinction (12) . The risk factors for stomal recurrence have been widely studied and include subglottic extension of the primary tumor, size of primary tumor and pre-operative trachostomies (7, 13) . The main theories regarding the pathogenesis of stomal recurrence suggest that it occurs because of tumor cell implantation via perioperative implantation during tracheostomy or due to lymphatic spread mainly by subglottic lymphatic drainage (13) .
With the advent of tumor marker identification, the lines between recurrence, metastasis and second primaries can be delineated further by examining the molecular characteristics of the tumors. Recurrent genomic aberrations are good indicators of genes that are causally associated with transformation, cancer development or progression. Microsatellite analysis of stomal recurrences after total laryngectomy support the hypothesis that a subset of late stomal recurrences are likely second primary tumors, genetically unrelated to the primary laryngeal lesion (14) .
Epigenetics is the regulation of changes in gene expression by mechanisms that do not involve changes in DNA sequence. Perhaps the best known epigenetic process, in part because it has been easiest to study with existing technology, is DNA methylation. This is the addition (hypermethylation) or removal (hypomethylation) of a methyl group (CH 3 ). Hypermethylation is a well described DNA modification that has been implicated in normal mammalian development (15) , imprinting (16) and X chromosome inactivation (17) . However, recent studies have identified hypermethylation as a probable cause in the development of various cancers (18) . In squamous head and neck cancer (HNSCC), recent comprehensive high-throughput methods have underscored the contribution of both genetic (19, 20) and epigenetic events (21, 22) , often working together (23) , in the development and progression of HNSCC. Previous studies from our group (24, 25) have demonstrated that epigenetic events of DNA hypermethylation underlie the pathogenesis of benign sinonasal and recurrent laryngeal papillomas, establishing a monoclonal origin for recurrent respiratory papillomatosis (RRP) as well support a monoclonal progression for malignant transformation to LSCC in some RRP cases.
In addition to tobacco and alcohol, epidemiological and laboratory evidence now warrant the conclusion that, the human papilloma virus (HPV) is a causative agent for some HNSCC (26, 27) and an independent risk factor for oropharyngeal HNSCC (28) (29) (30) . The prevalence of HPV infection was significantly higher among patients with oropharyngeal SCC (35.6%) than among those with oral (23.5%) or laryngeal (24.0%) SCC (31) .
The goal of our study was to use epigenetic events of promoter methylation and HPV infection status to determine recurrent or second primary status for two late stomal malignancies 16 and 17 years post-total laryngectomy. We adopted a literature review based definition of late stomal recurrences as new primaries at the site of the stoma or neopharynx occurring >5 years after total laryngectomy. We employed a multi-gene candidate approach to examine for promoter methylation in 24 tumor suppressor genes and PCR-based assays for HPV-16 and HPV-11 status to molecularly asses the clonal relationship between the primary and late stomal tumor lesions. Case no. 2. W.E. was a 67 year-old male with a history of a T3N1MX of the right pyriform sinus status post-total laryngectomy and right neck dissection with Internal Jugular sacrifice and post-operative chemoradiation therapy in 1993. In 1995, the patient has a biopsy taken of his stoma site for bleeding that was deemed negative for histopathologic disease. He presented again in November 2009 with increased difficulty with speech through his tracheoesophageal puncture (TEP) and episodes of bleeding from his stoma site. At this time, stomal biopsy was positive for stomal/esophageal squamous cell carcinoma. The patient was not deemed to be an otolaryngological surgical candidate at that time and was to undergo chemoradiative treatment. The patient presented in March 2010 with symptomatic spinal cord compression and underwent a T2 corpectomy with C6-T4 fusion by neurosurgery. W.E. presented to the ER in April 2010 symptoms of severe sepsis and multi-organ failure and after a prolonged hospital course, died in June 2010.
Materials and methods

Cohort
Patient tissue material for this study was obtained according to the Henry Ford Health System institutional review board protocols.
Molecular studies. The two primary LSCC patients presenting with late stomal malignancy 16 and 17 years post-total laryngectomy was examined for aberrant DNA methylation in 24 tumor suppressor genes and HPV status. Archival tissue DNA, extracted from microdissected LSCC lesions, was interrogated for methylation status using the multi-gene methylation-specific multiplex ligation-dependent probe amplification (MS-MLPA) assay. (Fig. 1) . Gene probe panels. The 41 gene probe panel (Table I) interrogates 38 unique genes implicated in cancer including LSCC for losses and gains and methylation status in two separate reactions (one in the absence of the methyl-sensitive enzyme HhaI and one in the presence of the HhaI enzyme). Because there are two probes each for MLH1, RASSF1 and BRCA2, a normal control DNA sample will generate 41 individual peaks in the absence of HhaI and 15 individual peaks in the presence of HhaI.
HPV detection. HPV status for the primary and late stomal tumor biopsies was identified and confirmed by PCR for HPV-11 and HPV-16 sequences using multiple HPV type specific primers especially designed to amplify <300 base pair DNA fragment lengths (34) (Fig. 2) .
Results
DNA methylation and HPV typing results for the two cases are summarized in Table II . Patient 1. DNA from the primary tumor biopsy (biopsy 1) was HPV-negative ( Fig. 2A) . MS-MLPA indicated aberrant methylation of APC, MLH1 and BRCA1 (Fig. 1) .
DNA from the post-total laryngectomy 17 years later (biopsy 2) was HPV-16 positive and was absent for methylated genes in the MS-MLPA panel.
Patient 2. DNA from the primary tumor biopsy (biopsy 1) and the stomal biopsy (biopsy 2) 16 years post-total laryngectomy was HPV-11 positive (Fig. 2B) . MS-MLPA indicated aberrant methylation of APC in both, primary and late stomal biopsies (Fig. 3) .
Discussion
The extent of heterogeneity or lack of clonality of tumors is an important question that underscores the biologic propensity of a cancer cell to persist, progress and metastasize. A basic mechanism of tumor resistance to cancer treatment is that tumors are composed of a multitude of variant cells and cell sub populations that differ with respect to phenotypic and genotypic characteristics (tumor heterogeneity) (35, 36) . Cellular and molecular heterogeneity pose the greatest challenges to effective treatment modalities and disease management in HNSCC. Another challenge to effective treatment is the phenomenon of 'tumor repopulation', which is the potential for tumor cells to proliferate rapidly after any treatment. It is worthy of mention that between the initial biopsy and the next tissue sample, both patients in this report had undergone not only surgical treatment with histopathologic negative margins, but also chemoradiative therapy, the latter likely serving as a contributing factor in their subsequent stomal malignancies.
Among prevailing theories regarding the pathogenesis of stomal recurrences, submucosal extension and lymph node metastases are probably more important mechanisms than cancer cell implantation (13) . While clinically, the delineation between a recurrence and a new primary hinges upon the length of the disease-free interval (DFI), it was our objective to provide a more definitive classification for tumors that present beyond the 5-year DFI. Stomal recurrence after total laryngectomy has become a serious complication and due to the dismal prognosis of stomal recurrence the focus is on Table I . Methylation-specific MLPA probe panel (ME001B).
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prevention. Knowledge of whether tumor stomal cells posttotal laryngectomy are related clones (monoclonal) or distinct clonal populations from a primary LSCC with DFI can offer perspectives for patient management and prognostication.
The debate whether second primary cancers are new tumors or recurrences/metastases began in 1953 by Slaughter and colleagues (37) who introduced the concept of 'field cancerization' to help explain the high incidence of second primary neoplasms in squamous epithelium. Existing literature largely clusters around parameters established by Slaughter stating that most recurrences occur within 2 cm of the primary lesion and within 36 months from primary treatment. Molecular genetics support for field cancerization in synchronous primary cancer of the oral cavity was evident from the finding of different p53 mutations in the right tonsillar pillarsoft palate tumor, and a left retromolar trigone tumor (38) . In studies of X chromosome inactivation in second primary cancers arising in women, Bedi and colleagues (35) demonstrated inactivation of the same allele in both tumors. Evidence employing fluorescence in situ approaches suggests a monoclonal origin of second primary tumors (39) .
The hypothesis that a subset of stomal recurrences after total laryngectomy may be second primary tumors, i.e., genetically unrelated to the primary laryngeal lesion (14) is supported by microsatellite analysis of stomal recurrences after total laryngectomy. Of the 5 informative patients, 2 demonstrated discordant alterations in the recurrent tumor indicative of clonal heterogeneity, 2 demonstrated identical alterations and 1 showed an additional alteration in the recurrent tumor (14) .
Epigenetic events of promoter hypermethylation are emerging as one of the most promising molecular strategies for cancer detection and represent important tumor-specific markers occurring early in tumor progression. Our group has demonstrated using high-throughput methods, the contribution of both genetic (19, 20) and epigenetic events (22) , often working together (23) , in the development and progression of HNSCC. Promoter hypermethylation is emerging as one of the most promising cancer detection strategies for several reasons. DNA methylation markers are particularly advantageous because DNA methylation is an early event in tumorigenesis, and the epigenetic modification, 5-methylcytosine, is a stable marker amenable to PCR-based methylation assays using whole genomic DNA from fresh/ frozen tissue, cell lines, as well as formalin-fixed paraffin tumor tissue DNA (23-25,40) . Additionally, aberrant promoter ONCOLOGY REPORTS 25: 669-676, 2011 Table II. Summary of methylation and HPV status.
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- ----------------------------------------------------------------------------------------------------Figure 3 . MS-MLPA assay demonstrating methylation of APC in biopsies 1 and 2 (B1 and B2, primary tumor and 16 years post-total laryngectomy, respectively). Additional methylation of MLH1 detected in biopsy 1. hypermethylation always occurs in virtually the same location within an affected gene, allowing a single PCR primer to be applicable to all patients for examination of the methylation status of a specific gene. This sharply contrasts with genomic biomarkers such as DNA mutations in genes such as p53 or mitochondrial genes (41) , which often involve myriad different base changes at many locations within the gene even in cancers of the same histologic types. Thus, classification based on promoter methylation profiling may well be a more promising approach than expression profiling since these DNA-based techniques are not subject to the problems of tissue preservation and the potential pitfalls of tissue heterogeneity.
In this study, DNA methylation patterns pointed to lack of genetic relatedness for primary and late stomal biopsies in Patient 1. Aberrant methylation of APC, MLH1 and BRCA1 detected in the primary biopsy was not observed in the late stomal biopsy. None of the 24 tumor suppressor genes in the MS-MLPA panel showed methylation in the stomal biopsy 17 years post-total laryngectomy. In Patient 2, the primary tumor and the late stomal malignancy16 years later post-total laryngectomy had aberrant methylation of APC suggesting retention of a monoclonal population for over a decade before the patient became symptomatic. APC (adenomatosis polyposis coli) is a tumor suppressor gene originally implicated in colon cancer. Genetic and epigenetic alterations in this gene have since been recognized in other malignancies including oral squamous cell carcinoma (OSCC), gastric cancers and esophageal adenocarcinomas. Uesugi et al (42) previously reported mutations and/or deletions of APC in primary OSCC and suggested that loss of APC function contributes to carcinogenesis in the oral region. APC inactivation as a result of promoter hypermethylation occurred in 25% of OSCC cell (42) . In a primary LSCC cohort of 79 patients, aberrant methylation of APC occurred in 16% of the tumors (43) . In our study, aberrant methylation of APC was a common event in both primary tumors supporting methylation of APC as an early event in LSCC tumorigenesis.
Both cases had methylation of MLH1 in the primary biopsies. MLH1 is a DNA mismatch repair gene that is frequently mutated in hereditary non-polyposis colon cancer (HNPCC) (44) . In sporadic colorectal cancers (CRC), this gene is found to be inactivated by promoter methylation. In addition to CRC, methylation of MLH1 has been reported in breast cancer (45) , uterine cancer (46) and acute myeloid leukemia (47). Sasiadek et al (48) found a correlation of both LOH and hypermethylation with the loss of expression for MLH1 in laryngeal cancer.
HPV infection status offered additional insights into whether the late stomal tumors post-total laryngectomy were related or not. For cervical cancer, a persistent viral status represents a necessary although not sufficient basis for HPVrelated lesions (49, 50) , where persistent infection with a specific high risk HPV type must be maintained for at least 2 years (51). In Patient 1, HPV-16 was detected only in the stomal biopsy suggesting a later onset viral infection and strengthening the likelihood of the late stomal malignancy in Patient 1 as a second primary.
The association between HPV and head and neck cancer was established as early as the 1980's (52) and more recently, HPV-16 positive oropharyngeal cancers have been shown to have improved outcomes with chemoradiative treatment (53, 54) . A study in 2008 by The American Cancer Society found that the burden of HPV-oropharyngeal cancers is second only to cervical cancer and thus the potential benefit of prophylactic vaccination is significant (55) . Given that W.W.'s initial tumor specimen was HPV negative, the question arises as to whether this molecular knowledge may have been employed to advocate the administration of the HPV vaccine thereby possibly preventing the development of a second primary.
In Patient 2, HPV-11 was detected in the primary tumor and the stomal tumor 16 years post-total laryngectomy. HPV types 6 and 11 are etiologic agents for laryngeal papillomas (56) (57) (58) . Studies on HPV typing in benign laryngeal papillomas have demonstrated an association of HPV type 11 with a more aggressive course of the disease (59, 60) . According to Lele et al (61) , HPV-11 infection may be an early event in progression of recurrent respiratory papillomatosis to carcinoma. Patient 2's medical history did not indicate any history of respiratory papillomatosis.
In conclusion, the use of DNA methylation patterns as well as HPV status can serve as an added monitor for following patients who have undergone extensive surgical resection and chemoradiative therapy of primary tumors. Our documentation of two cases of stomal malignancies presenting 16 and 17 years post-total laryngectomy using molecular typing for HPV and methylation signatures as a second primary (Patient 1) and a recurrence (Patient 2), demonstrates the utility of molecular approaches in differentiating multiple tumors, providing a snapshot of tumorigenic evolution over an extended period of time.
